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a b s t r a c t
We analyse a seemingly-unique landform on Mercury: a conical structure, encircled by a trough, and
surrounded by a 23,000 km2 relatively bright and red anomaly of a type interpreted elsewhere on the
planet as a pyroclastic deposit. At ﬁrst glance, this could be interpreted as a volcanically-constructed
cone, but if so, it would be the only example of such a landform on Mercury. We make and test the
alternative hypothesis that the cone is the intrinsic central peak of an impact crater, the rim crest of
which is visible beyond the cone-encircling trough, and that the trough is a vent formed through
explosive volcanism that also produced the surrounding bright, red spectral anomaly. We test this
hypothesis by comparing the morphology of the cone and the associated landform assemblage with
morphologically-fresh impact craters of the same diameter as the putative host crater, and additionally,
by modelling the original morphology of such a crater using a hydrocode model. We show that the
present topography can be explained by formation of a vent completely encircling the crater’s central
peak and also make the observation that explosive volcanic vents frequently occur circumferential to the
central peaks of impact craters on Mercury. This indicates that, although this cone initially appears
unique, it is in fact an unusually well-developed example of a common process by which impact-related
faults localize magma ascent near the centre of impact craters on Mercury, and represents an extreme
end-member of the resulting landforms.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Images acquired by the MErcury Surface, Space ENvironment,
GEochemistry, and Ranging (MESSENGER) spacecraft since it went
into orbit aroundMercury in 2011 have revealed an unusual landform:
a steep-sided cone that lies at the centre of a large diffuse-margined
spectral anomaly that is bright and red-sloped compared to the
Hermean average (Fig. 1). Spectral anomalies of this type elsewhere
on the planet have been attributed to pyroclastic deposition (e.g.
Kerber et al., 2009, 2011; Goudge et al., 2014), so this association
suggests a landform genesis involving explosive volcanism. Volcanism
builds steep-sided ediﬁces on Earth and Mars by deposition of
ballistically-ejected particles (e.g. Hasenaka and Carmichael, 1985;
Brož and Hauber, 2012) or by ﬂow of viscous lava. However, on
Mercury, the ballistic range of particles ejected at a particular velocity
is greater than on Mars and Earth, due to a lack of air-resistance and
weaker gravity. For this reason, ediﬁces formed in this way would be
expected to have relatively low relief (McGetchin et al., 1974; Brož et
al., 2014). Additionally, compositional data do not at present support
the presence of evolved lavas capable of building steep-sided ediﬁces
through effusion (Denevi et al., 2013; Nittler et al., 2011; Weider et al.,
2012). It would therefore be surprising to ﬁnd that this cone is a
volcanic construct. Indeed, studies of volcanic landforms on Mercury
have thus far documented very little relief, with lavas forming smooth
plains (Denevi et al., 2013) and deposition around vents attributed to
explosive volcanism forming relief of only a few degrees (Head et al.,
2008; Rothery et al., 2014; Thomas et al., 2014).
The speciﬁc morphology of the landform assemblage around
the cone suggests an alternative hypothesis for its formation. The
cone lies within an encircling trough, which is in turn encircled by
a ridge. If the ridge is interpreted as the rim crest of a 43-km
diameter impact crater, the cone occupies the location where a
central uplift structure would be expected (Pike, 1988). In this
scenario the bright, spectrally red-sloped deposit formed through
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explosive eruption from the trough, interpreted as a volcanic vent
encircling the crater’s central uplift. This would be consistent with
the observation that pits associated with pyroclastic deposits on
Mercury are co-located with regions of structural weakness in
impact craters (Gillis-Davis et al., 2009), and would support the
hypothesis that such structures play a controlling role in explosive
volcanic eruptions on Mercury (Thomas et al., 2014).
In order to assess the viability of this hypothesis, we have
investigated the probable original morphology of an impact crater
of this size on Mercury by (i) measuring topographic cross-
sections across relatively similar-diameter fresh craters, and (ii)
performing a hydrocode simulation of the impact. These methods
are complementary: while real craters indicate the range of crater
morphologies that may arise on Mercury, their variation results
from both primary factors (e.g. target heterogeneity, variations in
volume of impact melt) and secondary factors (e.g. degradation,
volcanic inﬁlling). The simulation results are an aid to distinguish-
ing these elements. We have compared both of these strands of
evidence to the present morphology of the cone and associated
landform assemblage to assess our hypothesis and to make
quantitative inferences. We have also considered other crater-
centered explosive volcanic vents on Mercury to assess whether
this hypothesis is consistent with a general model for common
mechanisms of explosive volcanic eruption on the planet.
2. Landform description and Proposed mode of formation
The steep-sided cone-like structure is surrounded by a 7 km-
wide trench. This is in turn encircled by a topographic rise, which
we interpret as the rim crest of a 43-km diameter impact crater
(Fig. 1b). This landform assemblage lies at the centre of a
23,000 km2 spectral anomaly with the relatively bright, red-
sloped character that is attributed elsewhere on Mercury to
pyroclastic deposits (Kerber et al., 2009; Goudge et al., 2014),
which is the second most areally-extensive such anomaly on the
planet (Thomas et al., 2014).
On Mercury, craters with a diameter greater than 12 km are
expected to have a central uplift at the location where the cone
occurs (Pike, 1988). We hypothesize that the ﬁrst stage of formation
of this landform assemblage was the creation of a 43-km diameter
crater with a central uplift through an impact event (Fig. 2a). After an
Fig. 1. A steep-sided cone associated with putative explosive volcanic products (136.71E, 3.51N). (a) The cone lies at the centre of a widespread relatively bright and red-
sloped spectral anomaly (yellow outline) characteristic of explosive volcanism. White rectangle: extent of (b). (Image: colour composite of images EW0262430050I,
EW0262430054F and EW0262430070G). (b) Close-up showing that the cone lies within a pit, which is encircled by a ridge (dashed white line), interpreted as the rim-crest
of an impact crater. Yellow dot: central point used for determining the median elevation proﬁle in Fig. 3 (Image EN0212284006M). (c) Global location of the cone (yellow dot,
yellow arrow) relative to endogenic pits with (red dots) and without (orange dots) a surrounding relatively bright and red-sloped spectral anomaly (identiﬁed by Thomas
et al., 2014). White areas indicate smooth volcanic plains (from Denevi et al., 2013). (Base image: MESSENGER global colour mosaic v5). Images in (a) and (b) were obtained
by MESSENGER’s Wide-Angle (10.51 ﬁeld-of-view) and Narrow-Angle Camera (1.51 ﬁeld-of-view), respectively. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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unknown period, magma rose beneath the crater, either as a result of
or independently of the impact crater formation (Fig. 2b). This
magma may have stalled in the low-density fractured zone beneath
the crater, in a manner similar to that hypothesized to result in ﬂoor-
fractured craters on the Moon (Schultz, 1976). During a period of sub-
surface magma storage, crystallization of volatile-poor minerals may
have enhanced the volatile content of the remaining melt. When
either volatile overpressure or magma driving pressure favoured
further dyke propagation, this occurred subvertically due to the
presence of zones of weakness in the overlying crust (Parﬁtt et al.,
1993), particularly high-angle faults bounding the central uplift
(Senft and Stewart, 2009; Scholz et al., 2002; Kenkmann et al.,
2014). The resultant eruption of volatile-rich magma formed the
trench, a vent that entirely encircles the central uplift, and emplaced
pyroclastic deposits to form the surrounding spectral anomaly.
To test this hypothesis, we examine the morphology, dimen-
sions and topography of the cone, pit, host crater and deposit, and
we also compare the present-day topography with two estimates
of the original host crater topography: the topography of fresh
craters of a similar size that are not associated with pyroclastic
deposits and hydrocode impact modelling. For brevity, we will
refer to this crater as AP1 in this paper (‘Annular Pit 1’)
3. Methods
3.1. Planform morphology
To investigate the planform morphology of the cone and
associated deposits, we examined all images of the study location
taken by the MDIS camera onboard MESSENGER with product
creation times up to September 17, 2013. MDIS consists of a 1.51
ﬁeld-of-view monochrome Narrow Angle Camera (NAC), and a
10.51 ﬁeld-of-view multispectral Wide Angle Camera (WAC). We
performed radiometric and photometric corrections on all images
using the ISIS3 (Integrated System for Imagers and Spectrometers)
software produced by the U.S. Geological Survey. Because the WAC
takes repeated images of the same location through ﬁlters at
different wavelengths, we were able to combine reﬂectance at
966 nm, 749 nm and 433 nm in the red, green and blue bands to
produce colour images. This combination allows discrimination of
relatively bright and spectrally red-sloped pyroclastic deposits
(Kerber et al., 2009; Goudge et al., 2014) despite the generally
subtle contrast in albedo and colour between regions of Mercury’s
surface (Denevi et al., 2009).
We used Graphics and Shapes tools (Jenness, 2011) within
ArcGIS software to make geodetic planform measurements of the
dimensions of the cone, associated landforms and deposit.
3.2. Present-day topography
Due to MESSENGER’s highly elliptical orbit around the planet,
the Mercury Laser Altimeter (MLA) has not been able to obtain
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Fig. 2. Proposed model of formation of a crater-centered cone surrounded by
pyroclastic deposits by vent formation around the central uplift of the impact
crater. (a) Schematic of a complex impact crater with (i) a central uplift with (ii)
internal steeply-dipping faults (Senft and Stewart, 2009; Scholz et al., 2002), (iii)
slump structures forming terraces, (iv) an underlying fracture zone (Schultz, 1976;
Kenkmann et al., 2014), (v) ejecta and (vi) impact melt deposits forming a ﬂat ﬂoor.
(b) Proposed morphology of the crater during explosive volcanic activity, with (left)
or without (right) shallow magma storage. (i) Volatile-bearing magma rises from
depth along a sill or dyke, possibly forming (ii) a shallow magma chamber or sill
beneath the low density fractured zone (right; dashed outline indicates the
margins may be gradational). (iii) Dyke propagation to the surface occurs along
planes of crustal weakness, possibly aided by an increase in overpressure due to
volatile exsolution. (iv) Volatiles within the magma expand at the surface and eject
juvenile and vent-wall material. This falls along ballistic pathways to form
(v) deposits with a relatively bright and red-sloped spectral character (dashed line
indicates the original crater proﬁle).
Fig. 3. Extent of the stereo-derived DTM of the cone and surrounding pit and crater (based on images EN0257648861M and EN0227259475M). (a) An orthorectiﬁed image
showing the extent of the DTM. Black lines indicate the position of the pit and crater rims. White rectangle: extent of (b). (b) Colorized shaded relief produced from the DTM
(blue, green, red indicate increasing elevation) showing irregularities in the depth of the pit ﬂoor, probably mass wasted material. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
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elevation data at the location of interest to this study. We therefore
determined the present-day topography by creating a digital
terrain model (DTM) using NAC stereo images EN0257648861M
and EN0227259475M. Correlation of the images was performed
using the area-based image matching software, Dense Matcher (Re
et al., 2012). The Ames Stereo Pipeline (Moratto et al., 2010) was
then used to triangulate from this data and produce a 215 m/pixel
DTM (Fig. 3). The DTM has approximately 1 pixel (215 m) hor-
izontal accuracy and 100 m vertical accuracy.
3.3. Original crater topography
To investigate the geological processes that formed the cone
and estimate the volume of material involved, it is necessary to
determine the probable morphology of the planet’s surface at this
location prior to its creation. As the cone lies at the centre of an
impact crater, this can be approximated by estimating the original
morphology of the host crater. We investigated this using two
complementary methods, as follows.
3.3.1. Topography of undegraded craters of a comparable size
We identiﬁed three 42–47 km diameter impact craters where a
MLA track crosses the central peak structure and approximately
bisects the crater (Fig. 4). These were used as a control on crater
morphology and to assess the plausibility of the results of our
simulations. We speciﬁcally chose impact craters with thick
proximal ejecta blankets and little sign of terrace modiﬁcation,
indicating that they are relatively undegraded (Mansurian age,
3.5–1 Ga) (Spudis and Guest, 1988), and therefore approximate the
morphology of the impact crater being studied not long after its
formation. We note with caution that the pyroclastic deposits
obscure the original topography of AP1, so we cannot visually
assess how degraded it was prior to the pyroclastic activity.
3.3.2. Impact crater numerical model
We simulated the formation of the impact crater using the
iSALE (Impact Simpliﬁed and Arbitrary Lagrangian Eulerian)
hydrocode, one of several multirheology, multimaterial extensions
of the SALE hydrocode (Amsden et al., 1980). This has been
speciﬁcally developed to model impact crater formation in its
entirety (Melosh et al., 1992; Ivanov and Kostuchenko, 1997;
Collins et al., 2004; Wünnemann et al., 2006) and performs well
in reproducing the results of laboratory experiments at high
strain-rates (Pierazzo et al., 2008).
The structure and composition of the projectile was simpliﬁed
to spherical and homogeneous basalt impacting at an angle of 901.
Departure of the impact angle from the more statistically likely value
of 451 is necessary due to the axisymmetric nature of the iSALE
hydrocode. The only way to take the effect of different impact angles
into account is to assume that the projectile has an average impact
speed, but impacts at 451 impact angle. Therefore, the impact speed
used in the simulation is (v_average) sin(451), and we assume an
impact velocity of 30 km/s, derived from an average impact velocity of
42 km/s (Marchi et al., 2005). We estimated a porosity of 10%, derived
from the average of meteorite types proposed by Britt et al. (2002).
We estimated an impactor size of 2.4 km diameter by comparing
proﬁles obtained in a series of runs at low resolution to the
topographic proﬁle of the present topography and cross-sections of
the similar-sized control craters. We took an Eulerian approach,
deﬁning the number of computational cells per projectile radius
(CPPR) as the resolution of our impact model. We used the Eulerian
setup because of the inevitable extreme cell deformation that occurs
with the alternative Lagrangian approach (Pierazzo and Collins, 2004).
The crater was modelled on a computational mesh of 400600 cells,
with a cell size of 150 m and a projectile size of 8 CPPR. We used a
spatially constant gravitational acceleration of 3.7 m/s2.
We approximated the Hermean surface as a homogeneous
layered half-space made up of a jointed 5 km basalt layer overlying
an intact basalt layer. This depth was chosen on the basis of the
thickness estimation of the fractured layer derived by Schultz
(1993) and on the crater size frequency distributions predicted by
the MPF (Model Production Function) for analogue smooth plains
(Marchi et al., 2011; Giacomini et al., 2014). The material proper-
ties of these layers are summarized in Table 1.
The output morphology of the simulation is dependent on the
equations of state and constitutive (material strength) models incor-
porated into the hydrocode. Therefore, the thermodynamic response
for both the projectile and target in our simulations was approximated
with an equation of state for basalt derived using the ANEOS model
(Thompson and Lauson, 1974). The rock strength model employed in
iSALE, which accounts for changes in material shear strength (Collins et
al., 2004), also includes a transient weakening mechanism called
acoustic ﬂuidization that allows the development of the central peaks
and terraced walls through gravitational collapse (Wünnemann and
Ivanov, 2003). iSALE adopts a simple mathematical approximation of
Acoustic Fluidization (AF), known as the Block Model, that is controlled
by two parameters: the kinematic viscosity of the ﬂuidized region and
the decay time of the block vibrations. We performed simulations over
a broad parameter space to determine the parameters producing the
best ﬁt to the dimensions of the crater being studied, and then selected
between those produced at different kinematic viscosities on the basis
that the ﬁnal result should be consistent with the morphology of the
crater being studied and the control craters.
Fig. 4. 43 km Diameter morphologically fresh impact craters used as a control on the original crater shape and on the simulation. Outlined dots indicate MLA data points
from X to X0 used in Fig. 6. CC1: 177.11E, 50.91N, MLA track MLASCIRDR1109231307 (orbit 380); CC2: 107.51E, 49.21N, MLA track MLASCIRDR1208272313 (orbit 1198); CC3:
122.11E, 63.81N, MLA track MLASCIRDR1203061631 (orbit 715). Only channel 1, high threshold, MLA pulse returns were used to avoid incorporating noise. All the panels
have the same horizontal scale as that indicated for CC1 (Base image: MDIS global monochrome mosaic v9).
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4. Results
4.1. Present-day morphology and deposit extent
The stereo-derived DTM reveals the topography of the cone, pit
and all but the far western rim of the crater (Fig. 3). The cone has a
basal diameter of 12.5 km. It stands up to 2.2 km above the ﬂoor
of the pit surrounding it and its summit is 1.8 km below the rim
crest of the host crater (Fig. 5). It lacks a summit crater and has
steeply-dipping ﬂanks, averaging 261. The pit margins are similarly
steep, averaging 301. The pit ﬂoor is shallower in some places than
others, consistent with landsliding from the wall scarps (Fig. 3b).
This suggests that the original slope of the pit walls may have been
greater prior to mass wasting.
The crater’s average diameter is 43.2 km. The area between the
rim-crest (deﬁned as the summit of the topographic rise around
the pit) and the outer pit margin measures on average 8.5 kmwide
on the orthorectiﬁed image, has a smooth texture, and forms a
‘step’. This may be a terrace formed by wall-slumping, draped by
volcanic deposits.
The surrounding bright, red-sloped spectral anomaly has a
maximum extent of 92 km from the centreline of the pit.
4.2. Topography of the control craters
Craters CC1, CC2 and CC3 have diameters of 41.8 km, 46.7 km
and 43.2 km, respectively. For comparison with the present-day
topography of AP1, distances in the cross-sections were normal-
ised to give a crater diameter of 43.2 km. Because a smaller impact
crater would be expected to have a smaller ratio of rim-crest to
ﬂoor depth, this necessitated a relatively minor adjustment to
elevation values across CC1 and CC2. This was made by ﬁrst
calculating the expected rim crest to ﬂoor depth (d) of the crater
on the basis of the relationship of this value to diameter (D)
observed by Pike (1988) for complex craters on Mercury:
d¼ 0:353D0:496 ð1Þ
We calculated the ratio between the depth indicated by this
method for the control crater and for a 43.2-km diameter crater
and multiplied the MLA elevation values by this value.
To compare the morphology of the craters, we have plotted
them so that distance along the cross-section is equal at the rim
crest and elevation is equal at the base of the outer slope of the
raised rim (known as the rim ﬂank). The latter feature was chosen
as the best point of reference because the topography beyond the
craters (Fig. 6a) is very uneven due to the presence of other impact
craters, so it is impractical to identify a ‘regional datum’ at any
greater distance. Because the elevation of the rim crest itself is
particularly vulnerable to degradation processes, this too was
judged an uncertain point of reference. The control craters have
similar proﬁles, excepting that the ﬂoors of CC1 and CC2 are
shallower (2.3 km and 2.1 km) and the peak height above the ﬂoor
is lower (0.4 km and 0.7 km) than those of CC3 (with a depth of
2.7 km and a peak height of 1.2 km) (Fig. 6a). This suggests that the
interiors of CC1 and CC2 have experienced more inﬁlling than CC3,
either by retention of a higher volume of impact melt during the
modiﬁcation stage of their formation, or by post-formation volca-
nic ﬂooding.
4.3. Numerical simulation
A projectile with a diameter of 2.4 km, penetrating the target at
30 km/s (in accordance with Marchi et al., 2005), generates a
crater diameter in agreement with the DTM proﬁle considering
that the ﬁnal output of iSALE has a 4% radius uncertainty (a value
found from code validation against laboratory experiments
(Pierazzo et al., 2008)) (Fig. 6a). The simulation shows a best ﬁt
with the crater diameter and the interior morphology of the
control craters with a decay time of 48 s and a kinematic viscosity
of 120,000 m/s2. As with the control craters, both horizontal and
vertical values along the simulated cross-section were adjusted for
comparison to a 43.2-km diameter crater.
Results from the simulation are in accordance with depth-
diameter ratios observed in impact craters in large morphometric
datasets for Mercury. Pike (1988) ﬁnds a best-ﬁt to the depth-
diameter values of 58 craters between 30 and 175 km diameter
with the relationship given in Eq. (1). Using this relationship, a
43.2 km wide crater would be expected to be 2.3 km deep; the
simulated crater has a depth of 2.3 km (2.1 km after adjustment of
its depth to take into account its greater diameter). Baker and
Head’s more recent study (2013) using MESSENGER data found a
mean depth-diameter ratio of 0.03470.010 for complex craters
greater than 50 km in diameter. If we apply this to the crater we are
studying, it predicts a depth of 1–1.9 km: shallower than the
simulated crater, but this may be a result of extrapolating their
observed relationship to a sub-50 km diameter crater. Using a
similar method of extrapolation for peak height data in the same
work, the expected height of the central peak would be in the range
of 0.3–0.9 km. The height of our simulated central peak above the
crater ﬂoor is 600 m, or 570 m after adjustment for the greater
crater diameter, and so is in agreement with this estimation. This
indicates that though the simulated central peak is lower than those
of the control craters, it lies within the range of observed values on
Mercury. The simulated central peak width (8.7 km, or 7.8 km after
adjustment for crater diameter) is somewhat narrower than the
relationship
Dcp ¼ 0:44D0:82; ð2Þ
observed by Pike between crater diameter D and central peak width
Dcp in 138 craters: this predicts a width of 9.7 km.
Table 1
Strength model parameters for the impacted surface used to simulate the original
morphology of the crater being studied.
Variable Description Jointed
basalt
Intact
basalt
Y0 Cohesion for intact material (MPa) 10 10
Yd Cohesion for damaged material (MPa) 0 1
Ym von Mises plastic limit (GPa) 3.5 3.5
mi Coefﬁcient of internal ﬁction 1.2 1.2
md Coefﬁcient of friction (damaged
material)
0.6 0.6
Tm Melt temperature (K) 1500 1500
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Fig. 5. Present-day topography of the crater. (a) Average present-day topography
from the centre of the cone. Light grey circles mark the elevation of each pixel of
the DTM against its distance from the cone centre. Black dots mark the median
elevation within 215 m radial bins. Grey arrow: average location of the pit margin,
black arrow: average location of the rim crest.
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When vertically matched with the control craters at the base of
the rim ﬂank, the elevation of the ﬂoor of the simulated crater
almost exactly matches that of CC3, which we have previously
identiﬁed (Section 3.1) as the least likely to have undergone
signiﬁcant inﬁlling. However, the morphology of the simulation
differs from that of the control craters in several aspects: the
height of the rim crest relative to the base of the rim ﬂank is much
lower (140 m) versus an average of 780 m in the control craters,
the walls are narrower, especially at high elevations, as a result of a
broader (4 km versus 1.6 km or less) shallowly-sloping region
inwards of the rim crest, and there are no wall terraces. As the
simulation indicates the crater morphology at the end of the
modiﬁcation stage of crater-formation, 1500 s after impact, these
differences may result from an incomplete simulation of post-
formational wall and rim modiﬁcation resulting, for example, from
long-timescale crustal response (Kenkmann et al., 2014). These
differences reinforce the value of looking at both strands of
evidence to indicate the range of possible morphologies for AP1
during the period of volcanic activity.
4.4. Comparison of estimated original and present morphologies
We compare the present topography with the control craters
and the simulated original topography using two possible vertical
tie-points. The ﬁrst plots all cross-sections so that the elevation at
the base of the rim ﬂank is equal (Fig. 6a). This requires the
assumption that there is not an appreciable thickness of pyroclas-
tic material in this area, as this would increase the elevation of the
original ground surface. The second comparison plots the topo-
graphic proﬁle derived from the DTM such that its rim crest is at
the average elevation of the rim crests of the control craters
(Fig. 6b). This would be a valid match if the original crater AP1 has
undergone a similar amount of degradation as the control craters
and if pyroclastic deposition has not increased the ground eleva-
tion at the rim crest. We judge that the ﬁrst comparison leads to a
better match between the interior and exterior morphology of AP1
and the morphology of the simulated and control craters, so we
prefer to use this in the proceeding analysis.
The height of the cone (820 m above the expected ﬂoor height
indicated by CC3 and the simulation, and 1.4 km below the rim crest)
is consistent with that expected on the basis of the simulation and the
control craters (Fig. 6a) and with the relationship to crater diameter
observed by Baker and Head (2013) in 450 km diameter craters on
Mercury (which predicts a height of 0.3–0.9 km above the crater
ﬂoor). The width of the cone at the elevation of the ﬂoors of the
simulated crater and CC3 is 4.3 km, which is narrower than expected
for the central peak of a crater of this size (9.7 km) (Pike, 1988). The
wall-to-wall distance below the ‘step’ in the crater topography
inwards of the rim crest is similar to that of the simulation, but
narrower than in the control craters. There are three possible
explanations of this. One is that this morphology is original to the
crater, and results from the post-formational modiﬁcation of AP1
being arrested at an earlier point than is normal. Such a phenomenon
is not observed at other craters on Mercury, so we judge it improb-
able. The second is that the ‘step’ was created by wall slumping. This
is very credible, as wall terraces resulting from slumping are seen in
all three control craters and are characteristic of impact craters of this
size on Mercury (Pike, 1988). The third is that the walls have been
covered by a thick layer of pyroclastic material. There is some
evidence for pyroclastic deposition in the region between the rim
crest and the pit margin: it has the same smooth texture here and
outside the rim, with no boundary between the two surfaces (Fig. 1b).
Pyroclastic deposits may thus contribute to the broad, high-elevation
region inwards of the rim crest and the relative narrowness of the
crater walls. However, it is not possible to distinguish relief resulting
from pyroclastic deposition from that resulting from crater modiﬁca-
tion and degradation processes.
The pit represents a large loss of material: if the simulation and
present-day DTM topography are vertically matched as in Fig. 6a,
the average pit ﬂoor is 1.4 km below the expected crater ﬂoor
depth, and the volume difference (calculated using ArcGIS) is
350 km3. If a similar comparison is made to a DEM constructed
with elevation plotted radially against distance from the crater
centre to the northern rim of CC3, the volume of material missing
within the trench and cone area of AP1 is 300 km3. These are
approximate values for the volume of material lost because
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Fig. 6. (Color online) Comparison between the average DTM elevations across the present-day landform, MLA cross-sections through the control craters, and the results of
the hydrocode simulation, showing general agreement between complex crater morphology and the morphology of the cone in AP1. (a) Values on the distance axis are equal
at the leftmost rim crest, and elevations are equal at the base of the leftmost rim ﬂank. (b) Horizontal location and elevations are matched as in (a), except that the DTM
proﬁle is placed so that the rim-crest elevation equals the average elevation of the leftmost rim crests of the control craters.
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shadows in the images used to construct the DTM do not allow us
to calculate the volume loss in the eastern part of the pit, and
because the vertical match is uncertain.
If the volume loss from the pit equals the volume of a
pyroclastic deposit over the area indicated by the bright, red-
sloped spectral signature, that deposit would average 20 m thick
using the volume change indicated by the hydrocode, or 17 m
thick using the volume difference from CC3, when scaled to take
into account the different densities of basalt rock and pyroclastic
fall (2760 kg /m3 vs. 2000 kg/m3 (Wilson et al., 2014)). Elsewhere
on Mercury, putative pyroclastic deposits ranging from 29 to
567 m thick have been identiﬁed in close (6 km) proximity to
vent margins (Thomas et al., 2014). Where such relief is observed,
the surrounding relatively bright and red-sloped spectral anomaly
extends to an average of three times as far from the vent margin,
indicating the presence of an outer zone of thinner (and, at current
resolutions, topographically undetectable) deposits. Because of the
uncertainties of the vertical match between the original and
present-day topography, we cannot determine whether deposits
at AP1 are thicker near the vent than at greater distances, though
if, as discussed above, the wide high-elevation area inwards of the
rim crest and the narrowness of the crater walls are in some part
the result of pyroclastic deposition, this deposition would have
occurred within 9 km of the pit margin.
5. Discussion
5.1. Mode of formation of the landform assemblage
There is no evidence that the cone was constructed by volcan-
ism: it lacks a summit caldera or vents, has no ﬂow features on its
ﬂanks and has a similar slope to that of the outer scarps of the pit
surrounding it. Conversely, its position, elevation, slope and
morphology is consistent with a residual central peak of an impact
crater, surrounded by an annular pit.
The occurrence of a pit associated with pyroclastic deposits at
the centre of an impact crater is not unique to this location. In a
global survey we identiﬁed 150 sites were endogenic pits are
surrounded by a bright, red-sloped spectral anomaly interpreted
as pyroclastic deposits (Thomas et al., 2014). A total of 118 of these
occur within impact craters, and 52 (excluding AP1) are at the
crater centre (Supplementary Table 1). In some cases the pit is in
place of an expected central peak or peak ring, but in 31 cases it is
concentric to the peak or central region (Fig. 7). In some cases
small pits occur around the crater centre (Fig. 7c), in others,
conjoined pits form arcs around the centre (Fig. 7b), and in rare
cases (e.g. Fig. 7a), a pit or conjoined pits entirely encircle the
crater centre, though not forming so distinctive a ‘cone’ as seen at
AP1. These conﬁgurations form a continuum and may represent a
time sequence in which, with continued or repeated eruptions,
pits around a crater’s central peak enlarge and conjoin until they
form a continuous trench encircling the peak. This indicates that
the cone and trench at AP1 are an extreme end-member of a
characteristic landform association on Mercury.
Terrestrial seismic surveys and numerical models give some
indication of why vent-formation is localised in the vicinity of
central peaks: they indicate that impact crater central uplifts are
bounded by deeply-penetrating high-angle faults (Scholz et al.,
2002; Senft and Stewart, 2009; Kenkmann et al., 2014). Mercury
has been in a global state of compression for much of its history
(Strom et al., 1975), inhibiting the ascent of magma to the surface,
so it is to be expected that any magma ascent that did occur would
be localised in pre-existing zones of weakness such as these. It is
interesting to note that, though as has previously been stated
(Gillis-Davis et al., 2009), endogenic pit formation appears to be
structurally-controlled by host crater structures, our ﬁndings
suggest that pits most commonly occur at the crater centre or
along a peak ring, and less commonly at other fault-bounded
structures such as the terraces or rim area. In contrast, on the
Moon, volcanic vents within impact craters commonly occur at the
margins of the crater ﬂoor (e.g. Head and Wilson, 1979; Head et al.,
2000; Gaddis et al., 2013). This may indicate that either the
mechanisms of magma ascent or the relative strengths of different
parts of impact crater structures differ on the two bodies.
5.2. Mode of pit formation
A structural control on pit formation has been taken as
evidence that Mercury’s endogenic pits form by collapse along
planes of weakness during magma withdrawal from a shallow
magma chamber (Gillis-Davis et al., 2009). It is possible that
subsidence has occurred in our example: the summit of the cone
is 1.4 km below the rim crest, versus an average depth of 1.6 km
for the control craters, despite probable degradation of the rim
crest area of AP1 by 400 m. However, given the wide range of
observed peak heights within complex craters (Baker and Head,
2013), and the absence of a crater ﬂoor relative to which the peak
can be measured, this low peak elevation cannot be conclusively
attributed to post-formation modiﬁcation.
The pit was clearly the locus of intense explosive volcanism, so
it is probable that a signiﬁcant amount of wall-rock erosion
contributed to pit-formation (and possibly reduction in peak
height and width). The maximum dispersal of pyroclasts ejected
on ballistic trajectories in the airless conditions of Mercury, as
discussed by Kerber et al. (2009), is X¼v2sin 2θ/g. Taking X as
92 km, the maximum horizontal radius of the deposit from the pit
centreline, g (gravity) as 3.7 m/s2 and θ as the angle at which
dispersal is greatest (451), the minimum velocity at the vent is
580 m/s. On Earth, such velocities are typical of high-energy
Plinian eruptions, in which signiﬁcant vent-widening occurs
(Wilson et al., 1980). However, we do not know the volume of
material ejected at this velocity, so it is not possible to quantify the
kinetic energy available for wall erosion.
We await with interest higher-resolution compositional data, to
be acquired as MESSENGER’s orbit descends to lower altitudes and
by the forthcoming BepiColombo mission (Fraser et al., 2010;
Rothery et al., 2010). This may allow us to constrain the propor-
tions of juvenile and non-juvenile material in the pyroclastic
deposits and thus determine the relative importance of magma
chamber drainage versus wall-rock excavation for pit formation.
5.3. Evidence for magma storage prior to eruption
Previous work (Thomas et al., 2014) has suggested that the
horizontal scale of the largest pyroclastic deposits on Mercury (of
which the 92 km radius AP1 deposit is the second-largest exam-
ple) is consistent with their emplacement by either strombolian
eruption or by high ﬂux steady eruption where the majority of the
magma is disrupted into large particles, 10 mm to 1 m diameter
(Wilson and Head, 1981). Both strombolian eruption and eruption
of predominantly large clasts indicate a slow magma rise speed, as
a large particle size and intermittent, strombolian eruption are
both caused by bubble coalescence prior to eruption. This suggests
that the magma may have been stored beneath the crater prior to
eruption.
The extreme dispersal of the deposits indicates a high volatile
content in the magma. If we follow the method of Wilson et al.
(2014) to calculate the released gas fraction on the basis of the gas
speed at the vent (as discussed by Thomas et al., 2014) we ﬁnd that
that ejection of pyroclasts to 92 km on Mercury requires 5.4 wt%
CO2 or 4.2 wt% H2O if each of these were the sole volatile. These
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are very high values: in non-subduction settings on Earth, melt
inclusions indicate 0–0.25 ppm CO2 and 0.2–0.8 wt% H2O in
basaltic melts (Metrich and Wallace, 2008). Chemical equilibrium
models suggest a combination of more reduced species such as N2,
CO, S2, CS2, S2Cl, Cl, Cl2, and COS would be present in Mercury’s
magmas (Zolotov, 2011). Due to their high molecular weights, a
concentration greater than, or equal to, 7.6 wt% would be neces-
sary to form the deposit if any of them were the sole volatile. As
there is no reason to believe Mercury to be more volatile-rich than
Earth, it is probable that such high volatile concentrations were
reached by some process causing volatile enrichment in the
erupted magma (Thomas et al., 2014). Slow magma rise and/or
storage at shallow depths could achieve this, as this would allow
accumulation of exsolved gas prior to eruption. We note, however,
that it is possible that some of the volatile enrichment may result
from incorporation of volatile-bearing wall-rock, which could
occur in steadily-rising magma that did not undergo a period of
storage.
6. Conclusions
Our results conﬁrm the hypothesis that a steep-sided cone
surrounded by putative pyroclastic deposits on Mercury was
formed by explosive volcanic eruption from a vent encircling a
residual central peak of an impact crater. We ﬁnd that the land-
form at this location likely represents the extreme end-member of
a large class of volcanic vents circumferential to impact-crater
central peak structures, indicating that crater-related faults control
explosive volcanism at such locations. The scale of the pyroclastic
deposit indicates that the magma had a high volatile content
relative to basaltic eruptions on Earth, supporting the idea that it
was stored for some time in the low-density fractured zone
beneath the impact crater prior to eruption.
It is interesting to note that a similar process, where magma
ascends to the fractured zone beneath an impact crater, stalls and,
in some cases, erupts explosively due to pressure build-up result-
ing from volatile accumulation, is also hypothesised for the Moon
(Head and Wilson, 1979). On the Moon, however, the crater ﬂoor
becomes fractured by inﬂation of a sub-crater laccolith (Schultz,
1976; Jozwiak et al., 2012) and dyke propagation to the surface is
favoured by this fracturing, usually occurring from the crater ﬂoor
adjacent to the walls. Additionally, surrounding putative pyroclas-
tic deposits are, on average, less areally-extensive than those
observed on Mercury (Thomas et al., 2014). The observation that
endogenic pits commonly occur at the centre, rather than at the
margins, of impact craters on Mercury, and a lack of ﬂoor-
fracturing, suggests a difference in the processes by which
crater-hosted explosive volcanism occurs on the two small, airless
bodies. Future comparative study may prove fruitful for our
understanding of the processes at work on both the Moon and
Mercury.
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